ABSTRACT A new and accurate edge extension formula based on the Taguchi method is proposed to calculate the resonant frequency of electrically thin and thick rectangular patch antennas with an air gap (RPAAG) and rectangular patch antennas without an air gap. Based on 3205 antennas data random distribution in the electrical substrate thickness h/λ d ranging from 0.001 to 0.2 and the dielectric constant ranging from 1.0 to 10.2, the edge extension formula is created with the Taguchi method. The resonant frequencies predicted using the proposed formula are in better agreement with simulated and measured results than those calculated with the existing formulas in other literatures, especially for electrically thick substrates. Furthermore, experimental results for the RPAAG are given, which shows that h/λ d should be less than 0.13 in the design of a capacitively fed RPAAG.
I. INTRODUCTION
Microstrip antennas have been widely adopted in communication systems owing to the attractive features of simplicity, reliability, conformability, and low production cost. Usually, the design of microstrip antennas was accomplished using commercial full-wave electromagnetic simulators through a trial-and-error iterative process [1] . Simulation methods without any design guidelines are time consuming and may not lead to the optimum solutions. Therefore, a computeraided design (CAD) model based on the RLC equivalent circuit [2] and integrated with a global optimization method will improve the design efficiency. To construct the CAD model, accurate functional relationships mapping geometric parameters to electrical parameters (including resonant frequency, quality factor and input resistance) is necessary [2] .
The rectangular patch is the most commonly used microstrip antennas, and is characterized by its length and width. Numerous researchers had studied to predict the resonant frequency of rectangular patch antennas (RPAs) and reported many experimental results [3] - [5] . In order to simplify the analysis of the fringing field effect, an edge extension length L for the microstrip open circuit was firstly introduced by Hammerstad [6] . Then, based on the Hammerstad formula for L and transmission line model, a formula for calculating the resonant frequency of RPAs was presented by Bahl and Bhartia [7] . During the same period, another resonant frequency calculation formula (RFCF) was proposed with a modified edge extension expression by James et al. [8] . Then, an approximate expression was derived by D.L. Sengupta for calculating the resonant frequency of RPAs [9] , and a modified Wolff RFCF was proposed by R. Garg and S. A. Long for RPAs with electrically thick substrates [10] . However, the dynamic dielectric constant [11] was included in the RFCF, which involves a complicated calculation [12] , [13] . To solve this problem, many researchers were adopted optimization algorithms to obtain the unknown coefficients of the constructed formula for edge extension [14] , such as Levenberg-Marquardt algorithm [15] , simplex search method [16] and differential evolution algorithm [17] . However, the optimization target [14] - [17] was to only fit the measured datum reported by Kara [18] , [19] declaring the point of the minimum magnitude of the reflection coefficient of the probe-fed RPA as its resonant frequency. Actually, the frequency with respect to the minimum magnitude of the reflection coefficient is changed by the patch feeding location and affected by the probe inductance. Therefore, the resonant frequency of RPAs should be defined as the point at which the input resistance reaches a maximum, independent of the input reactance and feeding location [4] , [5] . In addition, an artificial neural network (ANN) was used to predict the resonant frequency of RPAs, but only a few measured data sets were adopted as training data sets [20] . For ANN and optimization methods [14] - [17] , a lot of training or benchmark data sets are required for application to a wide range of frequencies and dielectric materials. Furthermore, compared to resonant frequency calculation formula, the ANN method is not easy to use for antenna engineers without background knowledge of ANNs.
An air gap in between the substrate and the ground plane has been explored [13] , [21] - [23] indicating the ability of achieving a tunable microstrip antenna and enhancing its impedance bandwidth. But only a few measured results on the resonance of the rectangular patch antenna with an air gap (RPAAG) had been reported [25] . And there is no accurate resonant frequency calculation formula for the RPA with a large air gap.
In this paper, an accurate edge extension formula is proposed to calculate the resonant frequency of electrically thin and thick RPAs with and without an air gap. Based on simulated datum of 3205 antennas with a range of different dimensions built on various substrates, the unknown coefficients of the constructed formula are determined by utilizing the Taguchi method, which is a novel global optimization technique that has been successfully applied to optimize some antenna applications [26] , [27] . Comparisons among the calculated with the RFCF of this work and other literatures, measured, and simulated resonant frequencies are carried out. The results show that the resonant frequencies calculated with the proposed edge extension formula are better than those reported by other researchers [7] - [9] , [12] - [14] , [16] , [17] , [24] , especially for electrically thick substrates.
II. EDGE EXTENSION FORMULA FOR RESONANT FREQUENCY CALCULATION
The geometry of a RPA is shown in Figure 1 , which contains a ground plane, a substrate of thickness H and relative dielectric constant ε r and a patch of length L and width W . The resonant frequency of the RPA for TM mn mode is given by [5] where c is the velocity of electromagnetic waves in free space, ε eff is the effective dielectric constant, m and n are integer values, L eff and W eff are the effective length and width of the rectangular patch. The dominant mode TM 10 of the RPA is widely used, so the resonant frequency of the RPA for the TM 10 mode can be written as
The effective dielectric constant is given by Schneider [28] , whose approximate expression is following
The effective length L eff of the RPA can be calculated by
where L is the edge extension of the RPA because of the fringing field effect, which is related to the width W of the patch and the thickness H and relative dielectric constant ε r of the substrate. Similarly to [29] , the effective relative dielectric constant ε eff is replaced by ε r to simplify the calculation of the resonant frequency of the RPA for the TM 10 mode, but which is used in computing the edge extension L. Therefore, the resonant frequency of the RPA in this work is as follows
To obtain an accurate edge extension formula for calculating the resonant frequency of the RPA, Taguchi method [27] is applied and step-by-step process is as follows in this study, as shown in Figure 2 .
1) Simulate lots of RPAs with various thickness and dielectric constant of the substrates to obtain benchmark datum. 2) Build structure of edge extension formula. 3) Select suitable orthogonal array and reduced factor for the Taguchi method. In this work, orthogonal array is OA (36, 13, 3, 2) and reduced factor is 0.55. 4) Optimize the unknown coefficient values of the edge extension formula to minimize the deviation between the benchmark datum and the calculated results with the edge extension formula. 5) Compare the resonant frequencies obtained from the edge extension formula with the results of the HFSS simulation and practical measurements in this work and the literatures [4] , [12] , [25] , [30] . As a result, there is a good agreement between them. According to the above procedure, many experiments have been carried out. Finally, a new and accurate edge extension formula is constructed to precisely calculate the resonant frequency of RPAs with electrically thin and thick substrates in this work and given as
The unknown coefficients β i (i = 1, 2, 3, . . . , 6) in the above formula are determined by the Taguchi method in order to minimize the average relative deviation (ARD) and maximum relative deviation (MRD).
where f b and f c are respectively the benchmark resonant frequency and calculated resonant frequency of the RPA.
The unknown coefficient values are optimized and found with the Taguchi method, which are
By substituting the coefficient values given by (9) into (6), the edge extension formula is obtained as
Consequently, the resonant frequency of RPAs can be exactly calculated by substituting (10) in which the effective dielectric constant is given by (3) into (5).
III. APPLICATION OF EDGE EXTENSION FORMULA TO RPAAP
In order to expand the application of the proposed formula to the RPAAG as shown in Figure 3 , we model the rectangular patch antenna with an air gap in between the substrate and the ground plane by an equivalent single-layer structure of total height H = H a + H d (where H a is the height of the air gap, H d is the height of the substrate with relative dielectric constant ε r1 ) and an equivalent dielectric constant ε eq .
where ε eff is effective dielectric constant of the RPAAG, which is obtained by the conformal mapping technique [31] . The formula is
where q 1 and q 2 are the filling factors given by
Thus, the resonant frequency of the RPAAG can be calculated with (5) and (10) by replacing ε eq of (11) and ε eff of (13) to ε r of (5) and ε eff of (10), respectively.
IV. RESULTS AND DISCUSSION
To appreciate the validity and accuracy of the proposed edge extension formula, the calculated resonant frequencies for electrically thin and thick RPAs with different physical dimensions built on various substrates are compared with the HFSS simulations and practical measurements. Tables 1 and 2 show the resonant frequencies obtained by HFSS simulations, calculated in this work, and calculated by Bahl and Bhartia [7] , by James et al. [8] , by Sengupta [9] , by Abboud et al. [12] , by Qiu et al. [13] , by Güney [14] , by Akdagli [16] , [17] , and by Chattopadhyay et al. [24] . These tables also contain the ARD and MRD between the simulated and calculated resonant frequency results.
It is observed from Table 1 that when the substrate electrically thickness h/λ d is less than 0.08, the ARD between the simulated resonant frequency results and the calculated resonant frequency results by using the new edge extension formula and other formulae given in [7] , [8] , [12] , [14] , [16] , and [24] is less than 3%, but the MRD for the formulae given in [7] , [8] , [16] , and [24] is greater than 5%. For the existing formulae, the minimum ARD and MRD are obtained by using the formulae given in Ref. 14, which are 1.732% and 4.935%, respectively. However, the ARD for the new formula in this work is 1.303% and the MRD is 3.698%, which is less than the existing formulae. Furthermore, when the substrate electrically thickness h/λ d ranges from 0.08 to 0.2, the calculated resonant frequency results by using the new edge extension formula also are more accurate than those predicted by using the existing formulae, as shown in Table 2 . The ARD and MRD for the new edge extension formula are 0.910% and 4.315%, respectively. It is noted that among the previous methods, only the formulae in Ref. 7 , the ARD is less than 7%, whereas the MRD is 11.177%. For previous methods, the accuracy decreases as the substrate electrically thickness increases. This is due to the edge extension [7] and effective dielectric constant [28] approximate expressions derived from the quasi-static analysis of microstrip lines, which usually have a thin substrate electrically thickness. However, the proposed edge extension formula is derived by using three-dimensional full-wave analysis results of electrically thin and thick rectangular patch antennas. Consequently, the resonant frequency values predicted by using the proposed formula are more accurate than previous methods in other literatures. Table 3 shows resonant frequencies obtained by HFSS simulations and practical measurements, which are compared with those calculated by using the new edge extension formula. It is seen that the ARD between the simulated and measured resonant frequency results is 1.834%, and that between the simulated resonant frequency results and the calculated resonant frequency results by using the new edge extension formula is 1.541%. Furthermore, the MRD between the simulated and measured resonant frequency results is 3.963%, and that between the simulated resonant frequency results and the calculated resonant frequency results by using the new edge extension formula is 3.788%.
To validate the proposed edge extension formula for the RPAAG application, the resonant frequencies of the RPAAG obtained by using the new edge extension formula are compared with those from HFSS simulations and practical measurements. It is seen from Table 4 that when the substrate electrically thickness h/λ d is less than 0.08, the MRD between the simulated and measured resonant frequency results is 1.269%, and that between the simulated resonant frequency results and the calculated resonant frequency results by using the new edge extension formula is 0.746%. Among the previous methods [13] , [22] , [24] , only the formulae in Ref. 24 , the MRD for the RPAAG with electrically thin substrates is less than 2%, whereas the MRD for electrically thick substrates is greater than 10%, as shown in Table 5 . The ARD for electrically thick substrates in this work is 2.566% VOLUME 4, 2016 and the MRD is 2.975%. Furthermore, Table 5 also gives the relative bandwidth (RBW) for return loss greater than 10 dB of the capacitively-fed RPAAG with proper feeding location of D f and circular patch diameter of D c for 50-Ohm coaxial input. It is observed that with the increase of h/λ d from 0.075 to 0.128, the impedance bandwidth is enhanced from 10.5% to 24.9%. However, the impedance bandwidth will not be improved by further increasing h/λ d (i.e. increasing the air gap H a ), as shown in Figure 4 and Table 5 . This is because of the increase of the air gap, a longer feeding probe is required such that the input resistance and reactance at higher band (more than the resonant frequency) will be significantly increased as shown in Figure 5 . Thus, the substrate electrically thickness h/λ d should be less than 0.13 in the design of the capacitively-fed RPAAG.
From Tables 1-5 , the ARD for the new edge extension formula is less than 2.6% with the MRD less than 4.4%. There is a better agreement among the simulated, measured and calculated resonant frequency results presented in this work for all the electrically thin and thick RPAs with and without air gaps, which supports the validity of the proposed edge 
V. CONCLUSION
In this paper, a new and accurate edge extension formula based on the Taguchi method is presented to calculate the resonant frequency of electrically thin and thick RPAs with and without an air gap. Compared with simulated and measured results, the resonant frequency values predicted by using the proposed formula are more accurate than previous methods in other literatures. This supports the validity and accuracy of the formula presented in this study for electrically thin and thick RPAs with and without an air gap. Furthermore, the simple and closed-form expression of the edge extension is suitable for engineering applications and the computer-aided design. 
